This paper presents a modification of the surface of CdS/ZnS and CdSe x S 1−x /ZnS quantum dots (QDs) with 3-mercaptopropionic and 6-mercaptohexanoic acid. The obtained QDs were characterized using TEM, DLS, UV-Vis, and fluorescence spectroscopy. Flow cytometry was applied to evaluate the cytotoxicity of QDs and examine the type of death caused by the tested nanoparticles. In addition, the generation of reactive oxygen species after incubation of the tested cells with CdSe x S 1−x / ZnS-MPA and CdSe x S 1−x /ZnS-MHA QDs was evaluated. The study was conducted on three cell lines: adherent (A549 and MRC-5) and suspension ones (K562). The conducted research demonstrated that the tested nanoparticles exhibit concentration-dependent toxicity. It was observed that the surface modification influences the toxicity level of the examined QDs, and modification of their surface with the use of the ligand of longer carbon chain (MHA) reduces the toxicity in comparison with QDs-MPA. It was also found that all tested QDs caused the death of cells in the course of necrosis. Based on obtained results, it was concluded that the cytotoxicity of QDs is to a large extent related to reactive oxygen species (ROS) generation.
Introduction
Quantum dots (QDs) are non-organic fluorescent semiconductor nanocrystals, which usually consist of a core and a shell. The core of QDs is composed of chemical elements from groups II-VI, III-V, or IV-VI, for example, CdSe, InAs, or PbTe (Casas et al. 2014 , Pu et al. 2018 . The core may be covered with a shell, which enhances optical properties of QDs, reduces the release of chemical elements from the core, and protects it from oxidation (Medintz et al. 2005; Subila et al. 2013) .
QDs possess preferable optical properties in comparison with organic fluorophores. These include more intensive and stable fluorescence, narrow, and symmetric emission peaks and broad absorption spectra (Huy et al. 2018; Zhou et al. 2015) . One of the advantages of QDs is a possibility to conjugate a large number of different substances including peptides, aptamers, or antibodies to their surface (Chandan et al. 2018) . It can influence on the QD-conjugated cellular localization (after their introduction to the organism) and their binding affinity (Karakoti et al. 2015) . QDs find many applications in biological sciences for fluorescent labeling of cells and their intracellular compartments (organelles), and as labeling compounds (proteins and nucleic acids) in living and fixed cells (Bagher 2016; Mal at al. 2016 ). Due to the intensive fluorescence of QDs, they may be used in medical diagnostics for determination of certain diseases, including infectious bacterial and viral ones, as well as for detection and localization of cancer cells (Kim et al. 2018; Tram et al. 2016; Vasudevan et al. 2015) . Besides, polymeric (Niu et al. 2017 ) gold nanoparticle-based drug carriers (Farooq et al. 2018; Ramalingam et al. 2018 ) were reported to be used in medicines delivery (Javanbakht and Namazi 2018; RanjbarNavazi et al. 2018) . The long-term monitoring of different processes in vitro and in vivo is also possible due to the stability of their fluorescence (Michalet et al. 2005; Ni et al. 2018; Vu et al. 2015) .
Cadmium-based QDs were the first commercially available and it should be pointed out that they are characterized with high quantum yield and a good stability. Moreover, the efficient synthesis routes and various surface modification methods of such QDs were extensively described (Soenen et al. 2014; Xu et al. 2016) . Nonetheless, some 1 3 studies showed that cadmium may be released from the core of QDs to the solution, and as a result, toxicity of these nanoparticles may be observed (Chen et al. 2012; Rocha et al. 2016) . The toxicity of QDs can be dependent on many parameters such as composition, size, surface modifications, and concentration (Bruneau et al. 2015) . Therefore, there is a strong need to better understand the relationship between the composition of QDs (composition of both core and shell, and a kind of surface ligands) and their influence on the living cells.
There have been many methods described for the evaluation of biological activity of the chemical substances. One of them is flow cytometry. Flow cytometry is a technique that uses scattered light and fluorescence measurements for a quantitative multiparameter analysis of single cell under flow conditions (Adan et al. 2016) . The main advantage of flow cytometry over other types of viability tests (e.g., one of the most commonly used MTT test) is that flow cytometry provides information about a large number (usually about 10,000) of single cells instead of average signal from the whole cell population. Flow cytometry usage ensures that subtle but important differences occurring between individual cells will not be overlooked. This technique has been commonly used for an evaluation of nanomaterials influence on cells in vitro, especially for studies regarding a cellular uptake of nanoparticles (Fan et al. 2015; Fernández et al. 2015; Kim et al. 2016; Manshian et al. 2015; Tabei et al. 2015) . When using the flow cytometry, there is also possible to examine the toxicity of QDs and determine the type of cell death caused by these nanoparticles (He et al. 2016; Lai et al. 2015; Yan et al. 2016) .
The apoptosis and necrosis are the main types of cell death. Apoptosis is a physiological process of programmed cell death, which is essential to provide the homeostasis in organisms. Apoptotic cells decrease their volume while preserving the membrane integrity. On the other hand, during necrosis, the cells increase their volume until they release their content into extracellular space, which usually leads to inflammation (Nikoletopoulou et al. 2013; Rello-Varona et al. 2015) . Therefore, the knowledge of the type of cells' death after the exposure to the tested compounds is essential to estimate their influence on a human organism and such information can determine the future applications of QDs. Substances that cause apoptosis are often used as drugs in anticancer treatment due to the nature of this process, which causes no inflammatory response in comparison with necrosis (Hassan et al. 2014; Yang et al. 2017; Wesselborg et al. 1999) .
There are few ways of QDs penetration into a human body. These approaches include inhalation, oral digestion, and skin application (Yildirimer et al. 2011) . The same QDs may lead to the occurrence of different reactions in vivo, depending on the way of penetration. For example, the inhalation primarily influences lung cells while not damaging other organs.
In this manuscript, we described the research on the cytotoxicity of core/shell CdSe/ZnS and CdSe x S 1−x /ZnS quantum dots modified with two different surface ligands: 3-mercaptopropionic acid (MPA) and 6-mercaptohexanoic acid (MHA). Our study was conducted on K562 cell line, which was used as a model of blood cells, and on two lung cell lines A549 and MRC-5 to understand the possible influence of QDs on a human organism. We also determined a type of death caused these nanomaterials and checked whether their cytotoxicity is related to an appearance of reactive oxygen species (ROS).
Experimental work

Materials
Core-shell-type CdSe/ZnS QDs (core diameter of 3.7 nm and maximum of fluorescence emission at 530 nm) coated with hydrophobic ligands were purchased as a powder from PlasmaChem (Germany). CdSe x S 1−x /ZnS core-shell QDs (core diameter of 6 nm and maximum of fluorescence emission at 490 nm) stabilized with oleic acid were purchased as a solution in toluene from Sigma-Aldrich. 3-mercaptopropionic acid (MPA), 6-mercaptohexanoic acid (MHA), tetramethylammonium hydroxide pentahydrate (TMAH), cadmium nitrate, mercury(II) nitrate, sodium hydroxide, and sodium dihydrogen phosphate were purchased from Sigma-Aldrich. Anhydrous ethanol, chloroform, sodium chloride, nitric acid (65%), and acetic acid (99.5%) were purchased from Avantor (formerly POCH), Poland. All reagents were used as received. Dialysis tubing cellulose membrane (MWCO = 2000 Da) was purchased from Sigma-Aldrich.
Cell lines: A549 (human lung epithelial carcinoma), MRC-5 (normal human lung fibroblasts), and K562 (human lymphoblast bone marrow) were obtained from The European Collection of Cell Cultures. For cell culturing, the following materials and reagents were used: tissue culture flasks for adherent and for suspension cells (Sarstedt), Minimum Essential Medium Eagle (MEME, Sigma-Aldrich), RPMI-1640 (Sigma-Aldrich), fetal bovine serum (FBS, Life Technologies), l-glutamine (200 mM, Sigma-Aldrich), penicillin-streptomycin (10,000 units penicillin, 10 mg streptomycin/ml, Sigma-Aldrich), MEM non-essential amino acid solution (Sigma-Aldrich), phosphate buffered saline (PBS, Sigma-Aldrich), Tryple Express (Life Technologies), trypan blue solution (0.4%, Sigma-Aldrich), fast read disposable counting slides (Immune Systems), 12-well plates (Sarstedt), annexin V-FITC/PI apoptosis/ necrosis detection kit (BD Pharmigen), 2′,7′-dichlorofluorescein (Sigma-Aldrich), dimethyl sulfoxide (POCH), 5 ml polypropylene round-bottom tube for flow cytometry (BD Falcon). The equipment used in this study were as follows: JEOL JEM1200EX STEM electron microscope, Malvern Zetasizer Nano ZS90, Perkin-Elmer Lambda 25 spectrophotometer, Cary Eclipse fluorescence spectrophotometer (Varian, USA), CHI660A electrochemical workstation (CHInstruments, USA), OLYMPUS CKX41 optical microscope, BioTek microplate reader, BD FACS Calibur flow cytometer, Hettich Zentrifugen Universal 320R centrifuge.
Methods
Ligand exchange
All solutions of QDs were solubilized in water with the use of biphasic phase transfer protocol, based on the previously described procedures for thiolated ligands (GrabowskaJadach et al. 2016b; Liu et al. 2007; Tamang et al. 2011) . CdSe x S 1−x /ZnS coreshell QDs solution in toluene was centrifuged with the fourfold aliquot of anhydrous ethanol (RCF 18,187×g, 15 min) and the pellet was resuspended in chloroform prior to ligand exchange. In general, 100 mM aqueous solution of MPA or MHA (800 µL) of pH adjusted to 11.0 by means of TMAH was added to the solution of QDs in chloroform (800 µL) and vigorously shaken for 4 h in darkness. The aqueous phase containing QDs was isolated and colorless organic phase was discarded. The QDs were centrifuged (RCF 15,000×g, 15 min) to remove larger aggregates and supernatant was dialyzed repeatedly for 8 h against 10 mM phosphate buffered saline (pH 7.4) in dark, sealed bottle. Efficient purification of QDs from both chemicals used for phase transfer and excess of ligands was additionally confirmed by monitoring of pH and the use of Ellman's assay for free thiols determination (Ellman 1959) . Before optical characterization or biological applications, the QDs solutions were filtered with syringe filters made of regenerated cellulose (pore size 0.22 µm) and then stored at 4 °C.
Characterization of quantum dots
The semiconductor core/shell and the hydrodynamic diameters of QDs after ligand exchange were measured by means of transmission electron microscopy and dynamic light scattering, respectively. TEM micrographs were captured using JEOL JEM-1200EX STEM electron microscope at an accelerating voltage of 30 kV. Dynamic light scattering data was obtained using Malvern Zetasizer Nano ZS90 (all samples in pH 7.4 PBS buffer). Long-term stability of QDs was monitored analyzing UV-Vis spectra. Absorption spectra were obtained with Perkin-Elmer Lambda 25 spectrophotometer with a slit width of 1.0 nm. Photoluminescence spectra were acquired using Cary Eclipse fluorescence spectrophotometer (Varian, USA), with 400 nm excitation and 1.0 nm slit width for excitation and emission.
Determination of Cd 2+ ions' concentration
The cadmium ions concentration in QDs was determined using voltammetry. It enabled to compare the biological activity of four different types of QDs containing the same amount of Cd 2+ ions. Voltammetric measurements were conducted using CHI660A electrochemical workstation (CHInstruments, USA) and the three-electrode system. The determination of cadmium released from acid-dissolved QDs samples was carried out using differential pulse anodic stripping voltammetry (DPASV). The detailed description of measurement parameters can be found in our previous work (Grabowska-Jadach et al. 2016a ). In brief: acetate buffer, 0.2 M, pH 4.6, containing 50 µM of mercury(II) nitrate was used as a supporting electrolyte. Electrochemical studies were performed in deaerated samples, under argon atmosphere. Before the measurements, QDs sample was dissolved in 5 M nitric acid. A method of multiple standard additions (additive of 50 µL acid-digested QD followed by fourfold standard solution of 100 µM cadmium nitrate (each of 50 µL)) was applied. The determination was repeated three times for each sample and then the average value of C Cd 2+ in all types of QDs was calculated. Before incubation with cell lines, QDs were diluted with serum-free culture medium to obtain desired QDs concentration.
Cell culturing
K562 cells were cultured in RPMI-1640 supplemented with 10% FBS, 1% penicillin-streptomycin and 1% l-glutamine. A549 and MRC-5 cells were cultured in MEME supplemented with 10% FBS, 1% l-glutamine and 1% penicillin-streptomycin. Medium for MRC-5 cells was additionally supplemented with 1% MEM non-essential amino acid solution. The cells were incubated at 37 °C in 5% CO 2 atmosphere. The cells cultures were passaged three times a week.
Cytotoxicity of QDs
The K562 cell line was cultured in a culture flask. For the cytotoxicity tests, cells were centrifuged and suspended in serum-free medium (containing RPMI-1640, penicillin-streptomycin and l-glutamine). The density of the cells was evaluated using trypan blue staining and counting slides. Trypan blue is a dye, which stains only dead cells and, therefore, enables determination of the viability of cells (AvelarFreitas et al. 2014 ). The study was conducted when the viability of the cells was above 90%. 500 µl of cell suspension was added to 12-well plates at a density of 2 × 10 5 cells per well. Then QDs solutions in the same medium were prepared and introduced to wells with cells cultures in the amount of 500 µl, so that the final concentrations of QDs (expressed as Cd 2+ concentration) in wells were: 0 µM-control, 5, 25, 50, 75 and 100 µM. The cells were incubated for 24 h at 37 °C in 5% CO 2 . Afterwards, the contents of the wells were transferred to 5 ml flow cytometry tubes and centrifuged (RCF 380×g, 3 min).
To evaluate the cytotoxicity of the QDs, the following procedure was applied for A549 and MRC-5 cell lines. The cells from culture flasks were washed with PBS. Then Tryple Express was added to the culture flasks and incubated for 3-5 min to allow cell detachment. The cells were centrifuged (RCF 380×g, 3 min) and suspended in 1 ml of growth medium. The cells were stained with trypan blue and counted using counting slides. The cells were seeded into 12-well plates at a density of 2 × 10 5 cells per well and incubated at 37 °C in 5% CO 2 atmosphere overnight to allow cell adhesion. Then the growth medium was replaced with 1 ml of QDs solution in serum-free medium (MEME containing penicillin-streptomycin and l-glutamine). QDs concentration solutions were as follows: 5, 25, 50, 75 and 100 µM of Cd 2+ ions. Subsequently, the solutions from over the cell monolayers containing populations of dead cells were collected to 5 ml flow cytometry tubes. The cells were washed with 1 ml PBS and incubated with 1 ml of Tryple Express for 3-5 min to detach the cells from the plate's surface. The cell suspensions were transferred to the pre-labeled flow cytometry tubes and centrifuged (RCF 380×g, 3 min).
The type of cell death
One of the stage of apoptosis is an asymmetry of the cell membrane resulting in an exposition of phosphatidylserine with preserving the membrane integrity. Annexin V is the protein, which specifically binds to phosphatidylserine in a presence of calcium ions. Annexin V conjugated to fluorescein isothiocyanate (FITC) was used to stain apoptotic cells. Propidium iodide (PI) is an organic dye that intercalates into the nucleic acid of cells with disrupted membrane (Pietkiewicz et al. 2015; Zhang and Liang 2014) . Therefore, PI was used to stain necrotic cells. Flow cytometry was applied to simultaneous measurement of green and red fluorescence deriving from FITC and PI, respectively.
The type of cell death (an effect of cells incubation with nanoparticles) was determined with the Annexin V-FITC/ PI apoptosis/necrosis detection kit. A staining of cells was performed according to the manufacturer's instructions. Briefly, cells were washed twice with 2 ml of PBS and then centrifuged. Then, 100 µl of Annexin V binding solution, 5 µl of FITC labeled Annexin V solution, and 5 µl of propidium iodide solution were added to each flow cytometry tube. The cells were incubated with dyes solution for 15 min at a room temperature in a dark. After incubation additional volume of Annexin V binding solution (400 µl) was added and cells were analyzed using a flow cytometer. The fluorescence intensity of cells stained with Annexin V-FITC and/or PI was measured using channels FL-1 and FL-3, respectively. During flow cytometry analysis, the data was recorded as a number of cells (red spots) on the plot (Fig. 1) . Analyzed cells were divided into 4 populations (four areas in Fig. 1b) based on the mechanism of the dye staining: bottom left-double-negative, no external phosphatidylserine or DNA binding means these are viable cells; upper left-PI single-positive: necrotic, membranes disintegrated; bottom right-Annexin V-FITC single-positive, undergoing early apoptosis, nucleus is not yet permeable; upper right-double-positive, both external phosphatidylserine and membrane instability means late apoptosis or necrosis.
The flow cytometry software was used to quantify number of cells in each square and in this way this percentage of cell populations was calculated
The fluorescence intensity was measured using Cell Quest Pro software. At least 10,000 cells were analyzed in the case of each sample.
Reactive oxygen species
2′,7′-Dichlorofluorescein diacetate (DCFH-DA) is a non-fluorescent compound, which is converted to its non-permeable derivative 2′,7′-dichlorofluorescein (DCFH) after cell internalization. In a presence of reactive oxygen species, this form is oxidized to 2′,7′-dichlorofluorescein (DCF), which exhibits green fluorescence (Sangeetha et al. 2015; Chen et al. 2016; Dong et al. 2018) .
The 2′,7′-dichlorofluorescein diacetate stock solution (10 mM) was prepared by dissolving 500 µg of this dye in 100 µl of dimethyl sulfoxide (DMSO). The ROS level determination in K562 cells was carried out using the following procedure. The cells were transferred from a culture 6-well plates were used for ROS tests, because in this way, higher number of cells were analyzed. During these tests changes of fluorescence intensity caused by generated ROS is measured. ROS is also generated in living cells; therefore, small fluorescence intensity is measured if the number of cells is low. Higher cells number used in tests are correlated to higher values of the measured fluorescence intensity and thus higher sensitivity of the analysis is achieved.
The ROS level in A549 and MRC-5 cells was evaluated using a procedure, which was adjusted to adherent cell lines. The cells were detached from a culture flask, centrifuged, stained with trypan blue and counted. The cells were seeded in 6-well plates at a density of 5 × 10 5 cells per well and incubated at 37 °C in 5% CO 2 overnight (time for cells adhesion to the surface). Then the medium was removed and replaced with QDs solutions (0, 5, 25, 50, 75 and 100 µM of Cd 2+ ). The cells were incubated for 30 min. Then the medium was replaced with 20 µM solution of 2′,7′-dichlorofluorescein diacetate in serum-free medium and the cells were incubated at 37 °C in 5% CO 2 for 30 min.
Subsequently, the cells were collected to the flow cytometry tubes, washed with PBS and centrifuged (RCF 380×g, 3 min). This step was repeated four times to wash out the excess of the dye. The cells were suspended in 500 µl of PBS and analyzed using flow cytometry.
Results
Characterization of QDs
High-quality quantum dots consisting of a core of a cadmium-based salt (CdS or CdSe) and a coat of ZnS obtained by organometallic synthesis are the most popular fluorescent nanocrystals. However, the QDs prepared using this method are coated with hydrophobic ligands (e.g., oleic acid or trioctylophosphine). Therefore, such QDs are not soluble in aqueous solutions. The modification of a surface of quantum dots with thiolated carboxylic acids aimed to the introduction of hydrophilic groups, which determined nanoparticles stability in aqueous solutions. Such nanocrystals gained negative charge in a culture medium, as a result of deprotonation of used modifiers that assures the stability as well as determines their surface properties and mechanism of interactions with cells. In addition, carboxyl groups can be potentially used for further conjugation with bioreceptors or therapeutic agents for the applications in theranostics.
Two types of quantum dots tested in a framework of the presented studies were characterized by significantly different diameters (3.7 vs. 6.0 nm). Two homologous thiocarboxylic acids of different carbon chain length (C3-MPA vs. C6-MHA) were used as stabilizing ligands. These enabled the assessment of the impact of the nanoparticles' diameter on viability of the selected cell lines (evaluation QDs cytotoxicity). The structures of the examined quantum dots after modification with capping ligands are presented in detail in Table 1 .
Due to the replacement of lipophilic ligands with thiolated carboxylic acids, the tested colloidal nanocrystals gained the water-solubility, which manifested as a discoloration of chloroform and the appearance of colored, fluorescent nanocrystals in an aqueous phase after the transfer process. A particularly important aspect for biological applications is a good colloidal stability, since the size of the structures substantially affects the way of interaction with cells and thus toxicity of QDs. Therefore, the requirement of maintaining a good dispersion of the obtained nanostructures should be taken into account during purification and treatment steps just after the ligand exchange. In contrast to the most commonly used methodologies, utilizing subsequent precipitation and resuspending, the applied approach of purification via dialysis does not require.
Due to the replacement of lipophilic ligands with thiolated carboxylic acids, the tested colloidal nanocrystals gained the water-solubility, which manifested as a Table 1 Schemes of water-soluble QDs structures after surface modification with thiocarboxylic acids discoloration of chloroform and the appearance of colored, fluorescent nanocrystals in an aqueous phase after the transfer process. A particularly important aspect for biological applications is a good colloidal stability, since the size of the structures substantially affects the way of interaction with cells and thus toxicity of QDs. Therefore, the requirement of maintaining a good dispersion of the obtained nanostructures should be taken into account during purification and treatment steps just after the ligand exchange. In contrast to the most commonly used methodologies, utilizing subsequent precipitation and resuspending, the applied approach of purification via dialysis does not require precipitation of the nanocrystals. It assures a removal of low-molecular weight contaminants and at the same time adjusting pH of the solution (alkaline after phase transfer) to the desired value. This method prevents QDs from aggregation and enables effective purification and desalination without substantial loss of nanocrystals caused by aggregation. The concentration of free thiols in the dialysate after second dialysis (in equilibrium with free ligands in the QDs sample, total C Cd 2+ ≈ 1.0 mM) was undetectable by spectrophotometric Ellman's method (C thiol < 10 µM). Concentration of free cadmium ions in the QDs sample after ligand exchange is negligibly low (at the level of 0.2% of total cadmium concentration), based on the Cd 2+ determination in supernatant obtained as a result of quantitative centrifugation of QDs. This proves that the dominant form of this element is the Cd-chalcogenide salt in the nanocrystal core.
Exemplary TEM images of the mixed core nanocrystals (CdSe x S 1−x /ZnS) and uniform core ones (CdSe/ZnS) are depicted in Fig. 2 . As resulted from analysis of TEM micrographs, the applied procedures of ligand exchange prevent QDs from aggregation while not alternating core diameters of the tested nanocrystals.
Conducted DLS studies allowed for comparative studies of hydrodynamic diameters depending on the QD diameter as well as a type of a surface ligand.
As presented in Fig. 3 , low-molecular weight thiol derivatives increased a hydrodynamic diameter of the nanostructures to 6.6 and 11.1 nm for CdSe/ZnS and CdSe x S 1−x /ZnS QDs, respectively. This feature is particularly important as it can have the influence on the interaction of QDs with cells, their transmembrane transport and a mechanism of toxicity. DLS analysis confirmed a good dispersion of nanoparticles and allowed to observe differences in hydrodynamic diameters depending on the aliphatic chain length of the modifiers. In both cases, a hydrodynamic diameter was increased (about 2 nm) for the structures stabilized with MHA in comparison with the nanocrystals coated with MPA.
The mixed core CdSe x S 1−x /ZnS QDs of a diameter of 6.0 nm emitted fluorescence at 625 nm, in turn 3.7 nm CdSe/ZnS at 525 nm (Fig. 4) . The differences in the absorption and emission bands resulted from different core components and various sizes of tested QDs. There was no significant effect of the type of ligand on the absorption and fluorescence spectra (data not shown). The analysis of the absorption spectrum confirmed the high quality of the obtained QDs. The analysis of the fluorescence intensity of quantum dots leads to the conclusion that for the same cores, MHA-stabilized nanocrystals are characterized by higher quantum yields than MPA-capped ones (data not shown). It is probably caused by the higher surface density of MHA ligands and better surface passivation assured by MHA. Nevertheless, regardless of the nanocrystal and the ligand type, all QDs samples exhibit sufficient fluorescence for biological studies in the range of concentrations which were used in our tests.
The long-term stability of physicochemical parameters of nanocrystals after the surface modification was determined by the series of optical measurements (absorption and fluorescence spectra). In the case of QDs stabilized with thiocarboxylic acids, excellent stability of morphology and fluorescence intensity during at least 3 months storage was observed. 
Cytotoxicity of QDs
The toxicity of four types of QDs: CdSe x S 1−x /ZnS-MPA, CdSe x S 1−x /ZnS-MHA, CdSe/ZnS-MPA, CdSe/ZnS-MHA was determined with flow cytometry using annexin V-FITC and PI staining. The study was conducted on the selected cell lines (K562 and A549). Figure 5 shows the results of the cytotoxicity tests of CdSe/ZnS QDs on both cell lines. As presented in the graph, the viability of cells decreased while increasing concentrations of CdSe/ZnS-MPA and CdSe/ZnS-MHA QDs. It was observed for K562 cells, as well as for A549 cell line. CdSe/ZnS-MHA were less toxic than CdSe/ZnS modified with 3-mercaptohexanoic acid. For the highest examined concentration of QDs solutions (100 µM of Cd 2+ ), the viability of K562 cells exposed to CdSe/ZnS-MHA solution decreased to 30%, whereas exposure to the same concentration of cadmium ions contained in CdSe/ZnS-MPA decreased the viability of K562 cells to 12%. In the case of concentration of 75 µM the difference between the toxicity of QDs modified with MPA and MHA ligands was even higher, resulting in 52 and 15% viability of A549 cells exposed to CdSe/ZnS-MHA and CdSe/ZnS-MPA, respectively.
The results of flow cytometry analysis of K562 and A549 cells exposed to CdSe x S 1−x /ZnS QDs with surface modified with 6-mercaptohexanoic acid or 3-mercaptohexanoic acid are presented in Fig. 6 . The toxicity of the QDs depended on the nanoparticles concentration and the type of the ligand as well. The higher toxicity was observed for QDs with the surface modified using MPA in comparison with QDs covered with a longer ligand (MHA). The viability of K562 cells exposed to the concentration of 25 µM decreased to 62% after exposure to CdSe x S 1−x /ZnS-MPA, while a number of living cells amounted to 77% for CdSe x S 1−x /ZnS-MHA. Similarly, the CdSe x S 1−x /ZnS-MPA QDs turned out to be more toxic than CdSe x S 1−x /ZnS-MHA QDs to A549 cells as well. A549 treated with 50 µM of QDs were viable in 71% and only in 52% for CdSe x S 1−x /ZnS-MHA and CdSe x S 1−x / ZnS-MPA, respectively. For higher QDs concentration larger differences in the toxicity depending on the surface modification were observed. The highest examined QDs concentration (of 100 µM of cadmium cations) resulted in the decrease of the viability to 20% for K562 cells in the case of CdSe x S 1−x /ZnS-MPA, while it was more than twice higher (45%) in the case of CdSe x S 1−x /ZnS-MHA. The viability of A549 cells exposed to the same concentration of QDs amounted to 16% for CdSe x S 1−x /ZnS-MPA and 55% for CdSe x S 1−x /ZnS-MHA.
The viability of cells was higher after exposure to CdSe x S 1−x /ZnS than to CdSe/ZnS QDs with the same surface modification. The application of QDs in medicine or biology in the majority of cases requires the utilization of QDs of limited toxicity; therefore, CdSe x S 1−x /ZnS QDs exhibiting lower cytotoxicity were selected for cytotoxicity tests with normal MRC-5 cell line. The results of toxicity studies in the case of CdSe x S 1−x /ZnS-MHA and CdSe x S 1−x / ZnS-MPA QDs are presented in Fig. 7 . Generally, for this cell line differences in the toxicity of QDs depending on their surface ligand for high concentrations of QDs solutions were not significant. However, for the solutions of 50 and 25 µM the toxicity differed notably. For instance, the viability of MRC-5 cells was reduced to 78 and 52% after exposure to CdSe x S 1−x /ZnS-MHA and CdSe x S 1−x /ZnS-MPA QDs, respectively.
The IC 50 values for all examined types of QDs are presented in Table 2 . The results of the toxicity for three cell lines were similar. The higher was the concentration of QDs solutions incubated with cell cultures, the higher toxicity was observed. QDs containing cores with larger diameter (CdSe x S 1−x /ZnS) exhibited lower cytotoxicity than CdSe/ ZnS (the same ligand on the surface). However, the surface modification had a stronger influence on the observed toxicity than the core composition of examined QDs. QDs with the surface modified with the longer ligand revealed to be less toxic than the nanoparticles modified with 3-mercaptopropionic acid. For instance, the CdSe x S 1−x /ZnS-MHA QDs in the concentration of 5 µM for all three cell lines were non-toxic, and the viability cells amounted to above 90% of the control.
The type of cell death
The type of cell death after 24 h exposure to different concentrations of QDs was determined. The results obtained for QDs exhibiting the lowest cytotoxicity (CdSe x S 1−x / ZnS-MHA) are presented in this manuscript. It should be pointed out that the results obtained for other types of the tested QDs were analogous. In Fig. 8 , the comparison of the amount of necrotic and apoptotic cells expressed as the percentage of dead cells is shown for K562, A549 and MRC-5 cell lines. For all tested cell lines, the vast majority of dead cells underwent necrosis, ranging from over 80% for the lowest tested concentration to 99% for QDs in the concentration of 50 µM in a case of K562 cells. For MRC-5 cell line the percentage of necrotic cells was above 94% after exposure to QDs. In comparison with the whole cell population, the higher concentration of QDs was introduced to cell cultures, the more cells underwent necrosis.
Reactive oxygen species
The results of the evaluation of the reactive oxygen species generation after 30 min of incubation of K562, A549 and MRC-5 cells with CdSe x S 1−x /ZnS-MPA and CdSe x S 1−x / ZnS-MHA are presented in Fig. 9 . For all three cell lines, ROS level increased when increasing the amount of QDs, which were in contact with the cells. For the lowest tested concentration (5 µM of Cd 2+ ) the ROS generation was comparable to the control. However, in the case of higher concentrations, the ROS level raised significantly in comparison with the control sample. The ROS level in the case of K562 cells sample amounted to 275 and 249% for 100 µM of QDs CdSe x S 1−x /ZnS-MPA and CdSe x S 1−x /ZnS-MHA, respectively. Similarly, in the case of A549 cell, the level of ROS increased after the incubation with QDs solutions. For the highest tested concentration of QDs, the ROS level after 30 min of the exposure to CdSe x S 1−x /ZnS-MPA raised to 257%, while for CdSe x S 1−x /ZnS-MHA, it amounted to 309%. For K562 and A549 cell lines, the difference between the amount of ROS generated after incubation with CdSe x S 1−x /ZnS-MPA in comparison with CdSe x S 1−x / ZnS-MHA was not observed, in contrast to the results obtained for MCR-5. For all tested concentrations of QDs solutions, ROS level was increased in MRC-5 cells after the incubation with QDs CdSe x S 1−x /ZnS-MPA, which exhibited higher toxicity in comparison with CdSe x S 1−x /ZnS-MHA. For CdSe x S 1−x /ZnS-MPA and CdSe x S 1−x /ZnS-MHA QDs in a concentration of 100 µM ROS level amounted to 361 and 241% of the control, respectively. On the basis of these 
Conclusions and discussion
In the case of studies, which objective is to determine and compare the toxicity of two or more types of the nanoparticles, the relevant aspect is to define the nanoparticles concentration in an appropriate way. In our opinion, it is very important to describe the way how the concentration of the nanomaterials was determined, so that the results described by different research groups could be compared. In some studies, the concentration of the nanoparticles is expressed as a number of particles per volume (Fratoddi et al. 2015) or a mass of nanoparticles per volume (Silva et al. 2016; Yan et al. 2016) . In this case, the solutions containing the same number of the nanoparticles may have various cadmium content. Such approach does not allow for comparison of different QDs properties when a diameter and a composition of their cores differ. Since cadmium is considered to be the main cause of QDs toxicity, in our opinion the better approach is to express the concentration of these nanomaterials as a cadmium concentration (Peuschel et al. 2016 ). Therefore, we were able to compare the biological activity of QDs with different surface modifications and of different cores as well. In the framework of this study we presented that flow cytometry is a good technique for the analysis of not only suspension cells, but also adherent ones after enzymatic detachment from the surface of a culture dish.
The cytotoxicity of the nanomaterials and the type of cell death, which they cause may depend on the exposure time, cell type, as well as concentration and composition (material of both core and shell, and the surface modification) of the nanomaterials (Hardman 2006) . Our results revealed that all four types of the tested QDs exhibited toxicity. The higher concentrations of QDs were incubated with cell cultures, the lower viability was observed. However, the lowest tested QDs concentration (5 µM of Cd 2+ ) did not cause the death of a significant number of cells and then the cell viability exceeded 90% of the control. After careful examination of the toxicity of QDs composed of two types of cores (CdSe/ZnS and CdSe x S 1−x /ZnS) with the surface modified using two different ligands (MHA and MPA) to K562 and A549 cells, it can be concluded that the modification of QDs surface affects the QDs cytotoxicity. Both types of QDs (CdSe/ZnS and CdSe x S 1−x /ZnS) exhibited lower toxicity while modified with a longer ligand Fig. 9 The reactive oxygen species levels after 30 min exposure of a K562, b A549, c MRC-5 cells to CdSe x S 1−x /ZnS-MHA (CdSeS/ ZnS-MHA) and CdSe x S 1−x /ZnS-MPA (CdSeS/ZnS-MPA) QDs ▸ (MHA). Similarly, the results of the studies on normal cell line confirmed that modification of QDs surface with longer ligand (MHA) decreases the QDs toxicity. There are some studies indicating that the toxicity of cadmiumbased QDs is dependent on QDs size (Lovrić et al. 2005; Shiohara et al. 2004; Zhang et al. 2007 ). Smaller QDs may be able to penetrate cells more easily than larger ones. According to our studies, the toxicity of QDs is much stronger related to the length of the modifier's chain then to the hydrodynamic size of QDs, e.g., smaller (8.6 nm) CdSe/ZnS-MHA QDs exhibited lower toxicity than more spacious (11.1 nm) CdSe x S 1−x /ZnS-MPA QDs. This may be due to the fact that longer ligand provides a better protection of the core and reduces the release of toxic Cd 2+ ions from the core to the cell culture environment. The obtained results are in good correlation with the previous work of our group (Grabowska-Jadach et al. 2016b ). Those studies revealed that CdSe x S 1−x /ZnS QDs modified with MHA exhibited lower toxicity than CdSe x S 1−x / ZnS-MPA QDs. However, the differences in the viability levels may be a result of different conditions of cell culture (a microsystem with a continuous flow vs. static macroscale culture).
The annexin V-FITC/PI assay showed that the cells after incubation with QDs, regardless of their type, died through necrosis. For K562 and A549 cell lines, it can be concluded that the higher concentration of QDs, the more cells underwent necrosis. The MRC-5 cell line exhibited a higher percentage of necrotic cells for all tested QDs concentrations.
In addition, the reactive oxygen species production after 30 min of incubation with CdSe x S 1−x /ZnS-MPA and CdSe x S 1−x /ZnS-MHA QDs solutions was evaluated. For three tested cell lines, the level of ROS was higher after the increase the concentration of QDs. According to the obtained results, it may be concluded that cytotoxicity of QDs is related to ROS generation.
To sum up, we compared the biological activity of selected QDs with the same cores and different ligands: CdSe/ZnS-MHA, CdSe/ZnS-MPA, CdSe x S 1−x /ZnS-MHA and CdSe x S 1−x /ZnS-MPA. Our study confirmed that QDs surface modification affects QDs toxicity; therefore, an appropriate modification can allow reducing the toxicity of the nanoparticles. For instance, to use some nanomaterials safely, we can choose longer surface ligands to modify the QDs surface and use them in low concentrations. However, more advanced cytotoxicity studies are required to gain knowledge about nanomaterials properties in a complex biological environment, only then we can safely use them, e.g., for cells staining in living organisms.
